We use molecular dynamics simulations in a constant potential ensemble to study the effects of solution composition on the electrochemical response of a double layer capacitor. We find that the capacitance first increases with ion concentration following its expected ideal solution behavior, but decreases upon approaching a pure ionic liquid in agreement with recent experimental observations. The non-monotonic behavior of the capacitance as a function of ion concentration results from the competition between the independent motion of solvated ions in the dilute regime and solvation fluctuations in the concentrated regime. Mirroring the capacitance, we find that the characteristic decay length of charge density correlations away from the electrode is also non-monotonic. The correlation length first decreases with ion concentration as a result of better electrostatic screening but increases with ion concentration as a result of enhanced steric interactions. When charge fluctuations induced by correlated ion-solvent fluctuations are large relative to those induced by the pure ionic liquid, such capacitive behavior is expected to be generic.
Recent experimental observations have shown that the differential capacitance of a room temperature ionic liquid based electrical double layer capacitor can change markedly with solvent concentration.
1-3 Using molecular dynamics (MD) simulations we show that the concentration dependence of the capacitance results from the interplay between two different limiting behaviors. In the dilute ion concentration regime, charge fluctuations are simply proportional to the number of ions near the electrode, because their mean distances are larger than the electrostatic screening length and so those fluctuations are uncorrelated. 4 In the pure ionic liquid, ions are densely packed and charge fluctuations are determined by steric constraints and interionic Coulomb correlations. [5] [6] [7] [8] [9] [10] [11] The addition of a small amount of solvent mediates these constraints, increasing the magnitude of charge fluctuations. At a specific concentration these effects are balanced, leading to an intermediate concentration where the capacitance is maximized. The analysis presented here offers a general way to understand the molecular contributions to the electrochemical response of complex electrolyte solutions, opening new directions for the optimization and rational design of energy storage devices.
Due to the increasing interest in ionic liquid based capacitors that provide high energy density devices, 12, 13 ionic liquid-metal interfaces have become a recent focus of research. 4, 5, [14] [15] [16] [17] [18] [19] [20] While the limiting behaviors of neat ionic liquids or their dilute solutions have been widely studied, relatively little is known about the properties of concentrated electrolytes at charged solid interfaces. Concentrated ionic solutions are practically relevant as a) Electronic mail: dlimmer@princeton.edu they have the potential to exhibit both high energy and high power densities. 21 Experimentally, we have recently shown that the effect of solvent concentration on the differential capacitance of 1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ( 
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Using MD simulations in the constant potential ensemble, we can investigate the relationship between the molecular structure of the electrolyte and the thermal electrode charge fluctuations. This approach offers a physically transparent way to decompose the effects of microscopic correlations on electrochemical response.
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The subtle effects resulting from the interplay between these solvent-solvent, ion-ion and solvent-ion correlations are not easily understood from continuum treatments. The specific system considered here utilizes coarsegrained molecular models with nonspecific surface-fluid interactions and is aimed at capturing the behavior of a typical low molecular weight ionic liquid-solvent mixture in contact with idealized electrodes. Specifically, we employ molecular simulation models of butlymethylimidazolium hexafluorophosphate ( 
28 mixtures bounded by electrodes modelled as three parallel ideal conductor honeycomb lattices of carbon atoms on both sides 29 as depicted in Fig. 1(a) . Despite its relative simplicity, this model has been shown to yield good agreement between simulation and experiment for a variety of bulk and interfacial properties.
19,30-32 Figure 1 (b) shows characteristic snapshots of the electrode-electrolyte interface for different ion-solvent compositions. Details on the molecular models are given in the Supporting Information.
The algorithm we use to maintain a constant potential across the capacitor follows from Reed et al. 33 based on the work of Siepmann and Sprik. 34 During the simulation, the charge on each electrode atom fluctuates in response to the thermal motion of the electrolyte with fixed potential difference ∆Ψ, temperature T and system volume V . The number of electrolyte molecules N = N i + N s , where N i is the number of ions and N s is the number of solvent molecules, is also kept fixed during the simulation. The electrode charges are determined at each time step by minimizing the potential energy subject to a constraint of constant voltage, which can be solved efficiently by matrix inversion. 35 Within this ensemble, the differential capacitance, C(∆Ψ), is calculated from the variance of electrode charge fluctuations using the fluctuation-dissipation theorem, 36,37
where Q is the total charge of one electrode, β = 1/k B T , with k B Boltzmann's constant, . . . indicates the ensemble average with constant N , ∆Ψ and T = 400 K, and δQ = Q − Q . Figure 2 (a) shows C, the capacitance at zero applied potential, as a function of ion fraction ρ = N i /N . While C increases with increasing ion concentration near ρ = 0, in the concentrated regime it decreases with ion concentration and exhibits a peak near ρ = 0.63. The increase in capacitance with increasing ion concentration in the dilute regime is expected from Gouy-ChapmanStern theory, where near the potential of zero charge, the capacitance is proportional to the square root of ion concentration. 38 The peak in capacitance is consistent with experimental results of a different ionic liquid in contact with a molecularly rough electrode, 1 suggesting an origin for this behavior within the electrolyte. The nonmonotonic concentration dependence of capacitance at ∆Ψ = 0 V is observed throughout the 2 V potential window. For pure ionic liquids, previous studies foreshadowed an unbounded capacitance at ∆Ψ = ±0.9 V due to a surface phase transition. 19 In that regime, finite size effects not studied here are likely important. The capacitance calculated from electrode charge fluctuations should be symmetric around ∆Ψ = 0 V, and any deviation is due to statistical uncertainty. When the ionic solution is diluted to ρ = 0.63, the peaks are retained and curvature around ∆Ψ = 0 V also increases. The peaks at moderate to high voltages result from the small bias to expel counterions and solvent from the interface 4,5,9 with increasing potential difference. At larger potentials when the ionic adlayer condenses, charge fluctuations are sterically suppressed and capacitance decreases. 4, 5, 9 As ρ is decreased further, the curve becomes U-shaped. This U-shape at low ion concentrations results from charge fluctuations that are proportional to the number of ions near the interface, whose number can grow by expelling solvent molecules away from the electrode without the steric constraints that occur at high concentrations.
4,5,9 Hereafter, we focus on electronic and structural properties at ∆Ψ = 0 V.
The concentration dependence of the capacitance can be understood by decomposing the charge fluctuations into different components,
where (δQ s ) 2 and (δQ i ) 2 are due the the solvent and ions respectively, and δQ s δQ i are fluctuations induced by ion-solvent correlations. This decomposition is possible for a conductor where the electrode charges are linear functions of the partial charges of the electrolyte. 26 Microscopically, they can be explicitly computed using the Stillinger-Lovett sum rules for the charge-charge structure factor. 39 Simulations of a pure ACN-electrode system gives β (δQ) 2 = β (δQ s ) 2 = 0.65 ± 0.06 µF/cm 2 , which is significantly smaller than that of the ionic solutions. Therefore, (δQ s ) 2 are expected to be negligible over the entire concentration regime, consistent with the expectation that since solvent molecules do not carry a net charge they cannot efficiently polarize the electrode surface.
The second term in Eq. 2, (δQ i ) 2 , is expected to govern the behavior of electrode charge fluctuations both in the dilute ion regime and as ρ → 1. For an ideal solution, the differential capacitance can only increase with an increase in the fraction of independent ions, a number set by the screening length. Deviations from this monotonic increase are expected in the limit of a pure ionic solution, as ions cease behaving ideally. However as Fig.  2(a) shows, rather than a plateau in the capacitance as ρ → 1, there is a maximum at intermediate concentrations. This suggests that the third term, δQ s δQ i , plays a significant role in determining the magnitude of charge fluctuations. In fact, as discussed below, for concentrated electrolytes the motion of solvent molecules is highly correlated with the charge density fluctuations near the electrode interface, due to the incompressibility of the solution. These ion-solvent correlations enhance the electrode charge fluctuations by affecting the magnitude of the induced image charge on the electrodes.
In particular, Fig. 3 electrode charge fluctuations and ion polarization,
where p x = {p a−c , p s }, and p a−c is the charge polarization near the electrode and p s is the interfacial solvent concentration, weighted by its displacement from the electrode. The interfacial polarization is computed by summing over the N i ions with instantaneous displacement from the electrode less than z c = 0.9 nm, as
and similarly,
where q i is the charge of ion i, Θ[x] is the Heaviside step function,ẑ i is the instantaneous displacement of the ion from the electrode and v is the volume of the L × L × z c slab. The thickness z c is chosen to accommodate the first two solvation layers near the electrode and the results are qualitatively insensitive to its precise value. The constant profile in Fig. 3 (a) reveals that ion polarization at the interface has a similar effect on electrode polarization regardless of the electrolyte composition. Correlations between interfacial solvent displacement and electrode charge become more pronounced with increasing ion concentration. This is indicated in Fig. 3(b) by the cross correlation coefficient between Q and p s . Since solvent fluctuations themselves cannot significantly polarize the electrode, increasing Γ ps,Q with concentration implies that solvent motion is correlated with ion polarization that in turn gives rise to the increase in Fig. 3(b) . In fact, Fig. 3(c) shows solvent fluctuations correlated with cation and anion center of mass and ion polarization fluctuations,
where p n = {p a , p c , p a−c } and p a (p c ) is the interfacial anion (cation) concentration, weighted by its displacement from the electrode, and calculated analogously to p s . While cation-solvent and anion-solvent correlations do not exhibit strong compositional dependence, solventpolarization correlations are enhanced with increasing ion concentration. The negative value of this covariance arises molecularly from swapping motions that simultaneously moves the center of mass of the solvent molecules away from the electrode while polarizing the electrode by increasing the charge separation in the direction of the electrode. The source of these increasing ion-solvent correlations can be understood as arising from the solvent's ability to facilitate fluctuations in an otherwise dense, incompressible and strongly associated fluid. Namely, for an ion pair to be separated and polarize the electrode, a fluctuation in the surrounding solvent must occur to stabilize that polarization. The increase in magnitude of this correlation with ion concentration, results from the increasing steric constraints of the ions. This picture is consistent with the results from lattice model calculations, 1 where the capacitance maximum can be recovered by treating the solvent molecule as a defect that enables ionic reorganization, but does not directly contribute to the charge fluctuations.
In order to provide a structural interpretation of the composition dependence of the correlations described above, we construct a coarse-grained charge density distribution away from the electrode. Specifically, we take the out-of-plane charge density distribution computed from the simulations and average over 1Å bins, so as to integrate out small length scale features associated with the internal structure of the ions. A representative coarse-grained profile is plotted in the inset of Fig. 4 . For all concentrations studied, the coarse-grained charge density can be fit with a damped harmonic function with decay constant and periodicity q s ,
where z is distance from the first maximum of φ(z), φ s is the magnitude of that first maximum and θ is an angular offset. This functional form has been derived theoretically for pure ionic liquids 20 and is routinely used in experimental studies to fit the charge density profile of dense electrolytes.
14 The periodicity of charge oscillations, q s originates from the interplay of excluded volume of the ions and screening 20 and we find that it can be fixed to 4.2Å, or a little smaller than the average size of the ions, for all concentrations. This indicates that ions can maintain their preferred distance from each other regardless of electrolyte composition.
The decay length, , reflects the scale of ionic correlations away from the electrode surface. As shown in Fig. 4 , in the dilute regime 1/ scales as the square root of ion concentration, qualitatively in agreement with Debye-Hückel theory, though quantitatively inconsistent with the known dielectric constant for this solvent model. 28 In the pure ionic liquid, is determined by steric interactions 20 and thus, its decrease with decreasing ion concentration signifies a solvent mediated reduction in packing constraints. This behavior is consistent with an ∝ √ 1 − ρ dependence extracted from lattice model calculations 1 where the capacitance enhancement in the concentrated regime is facilitated by the solvent's ability to enable ionic reorganization in an otherwise incompressible fluid. This reduction in charge density oscillations with solvent has been noted in previous simulations of different solutions. 25 The steeper charge density decay as a function of distance from the electrode surface with the dilution of the ionic solution in the concentrated regime is analogous to that found in experiment.
14 Both and q s obtained from the interfacial profiles show similar trends with the correlation length and periodicity extracted from bulk radial charge density distributions as given in Supporting Information, consistent with the expectation that the electrode interacts with the solutions weakly.
The maximum charge density near the electrode, φ s , is determined by the relative surface propensities of cations, anions and solvent and depends intimately on the details of the intermolecular interactions. [40] [41] [42] [43] To quantify this, the inset of Fig. 5 depicts the free energy difference, ∆F (z), for moving an ion from the bulk to a distance z from the electrode, computed from
where ρ(z) is the local ion density and ρ b is the bulk ion density. Figure 5 shows the depths of the first minimum, ∆F w , for both cation and anion, which is indicative of the strength of selective ion adsorption at the interface.
Adsorption of both cations and anions depends strongly on the bulk electrolyte concentration. In the dilute regime, the affinity of both ion types for the interface increases with ion fraction. The effect is larger for the cation, consistent with previous work suggesting that it is weakly solvated. 25 In the concentrated regime, the adsorption affinities of both ions do not change appreciably, though the anion is slightly depleted from the interface in the pure ionic liquid. These observations mirror those derived from the charge density distribution. In the dilute regime, changing ion concentration changes the average density of ions near the interface, which acts to increase fluctuations proportionally. In the concentrated regime, average densities are not strongly affected by sol- vent concentration, but fluctuations around the mean are influenced. In the charge density, this is manifested in the extent of charge density layering, while here it is manifested in the changing barrier height to move between layers. These observations are in accord with the results of Feng et al. 44 where the introduction of a small amount of water into an ionic liquid system was found to have very little impact on ion adsorption affinities but leads to an increase in the capacitance at 2V. The authors show that the capacitance enhancement is associated with the larger potential drop at the electrical double layer in the absence of water molecules, which disrupts the ion ordering at the interface, and stems mainly from energetic effects. Our studies in progress reveal that in the acetonitrile-ionic liquid system entropic effects also play an important role due to the fact that the solvent molecules are comparable in size to the ions.
Molecular dynamics simulation in a constant potential ensemble allows the differential capacitance to be computed and interpreted as a fluctuation quantity. This has enabled an intuitive decomposition of the capacitance, and associated maximum at intermediate concentrations, in terms of different molecular contributions. These results provide insights into the microscopic mechanisms that determine the electronic properties of the interface and enable means to examine how molecular features such as polarity, size, and shape affect electrochemical responses.
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Simulation Details
In this system, electrolyte species are represented by coarse-grained models where the interactions beyond chemically bonded atoms are represented by Lennard The molecular dynamics simulations were conducted in the NVT ensemble using a time step of 1.5 fs and a langevin thermostat with a time constant of 6-9 ps. Average pressure for all systems is maintained at 10 atm. For each simulation at 0 V, 2-7 ns equilibration at T = 400 K is followed by a 20-80 ns production run from which configurations are sampled every 0.15 ps.
Capacitance as a Continuous Function of Electrode Potential
In order to determine the evolution of capacitance with applied voltage, we perform additional simulations at seven electrode potentials (0.15, 0.30, 0.45, 0.60, 0.75, 0.90 and 1.0 V). We estimate the probability distribution of the total electrode charge at any potential by combining the data from the simulations performed at various potential differences using the weighted histogram analysis method with the expression − ln P (Q|0) = − ln P (Q|∆Ψ) + βQ∆Ψ + β∆F (9) where ∆F = F (∆Ψ) − F (0).
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The probability distribution of the total charge Q on the electrodes at ∆Ψ = 0 V is reported in FIG. S1 as a function of δQ/ (δQ) 2 . In this way, each simulation under an applied potential provides an estimate of the charge distribution at any other potential. Capacitance is then calculated by computing the variance of electrode charge fluctuations from the probability distribution data. 
Bulk Charge Density
Radial charge density distributions for bulk electrolyte is computed and fit with a damped harmonic function as in Eq. 5 of the main text. The decay constants obtained from the bulk charge density profiles are given in FIG. S2. The periodicity of oscillations, q s , is 5.51Å. The decay constants obtained from bulk and out-of-plane charge density distributions exhibit similar trends, consistent with the expectation that the electrode interacts with the solutions weakly. 
